Drosophila retinal axons trigger both the proliferation of their targets, the lamina neurons, as well as the final differentiation and migration of the lamina glia. To date, the molecular basis of these interactions has remained unclear. We have identified a new gene, lamina ancestor (lama). Both the lamina's neural and glial progenitors express lama, even though these ceils have very different developmental origins. Expression of lama is down-regulated once the precursors begin their differentiation programs. Loss of function mutants are viable and fertile, and appear to have normally developed visual systems, lama encodes a novel protein that is 74% identical to its D. virilis homologue.
Introduction
Studies of the Drosophila visual system have added immeasurably to our understanding of basic developmental mechanisms. Analyzing retinal morphogenesis has illuminated how pattern emerges in an undifferentiated epithelium (see Ready, Hanson and Benzer, 1976; reviewed in Wolff and Ready, 1991; Heberlein and Moses, 1995) . Investigations of ommatidial formation have yielded a wealth of information about how cell-cell interactions affect fate choices (reviewed in Hafen and Basler, 1991; Zipursky and Rubin, 1994) . In addition, the Drosophila visual system has provided a setting in which some of the fundamental questions in neurobiology are genetically tractable. For example, the issues of axon guidance (Kunes et al., 1993; Martin, et al., 1995; Schneider et al., 1995) , neural-glial interactions (Xiong and Montell, 1995) , and retrograde trophic support have begun to be addressed. An area less well explored is that of how retinal innervation of the brain affects the development of the first optic ganglion, the lamina.
Lamina development is coordinated with retinal inner-* Corresponding author. Tel.: +1 617 2536359; fax: +1 617 2532311.
vation of the brain, which begins midway through third instar larval life (Meinertzhagen, 1973) . Early work by Power (1943) indicated that the lamina's size correlates with the size of the retina. Genetic mosaic analyses demonstrated that some mutations which act within the retina to disrupt its development (Meyerowitz and Kankel, 1978; Fischbach and Technau, 1984) also perturb lamina formation. Many of the cellular interactions between the developing eye and brain have been described. As retinal axons grow into the brain, they induce the proliferation of the lamina's neuronal progenitors (Selleck and Steller, 1991) . Input from the eye also triggers the terminal differentiation of the lamina glial cells (Winberg et al., 1992) , as well as their complete migration into the optic anlage (Perez and Steller, 1996) . The molecular basis of developmental interactions between retinal axons and cells in their target field has not been described. We screened P element enhancer trap lines in order to identify those which showed reporter expression in the retinal target field. We were particularly interested in isolating lines which showed expression in the lamina precursors. The lamina neuronal (L-neuron) and glial (L-glial) precursors arise from distinct lineages, and respond very differently to retinal input (Winberg et al., 1992; Perez and Steller, 1996) . Despite these differ-ences, we identified a novel gene expressed by both classes of precursors. In late third instar animals, the gene is expressed in neuronal and glial precursors which surround the lamina, and is abruptly down-regulated once the precursors are incorporated into the developing ganglion.
We examined the gene's expression pattern at earlier stages, and found that it is expressed in the L-glial progenitors as early as the first instar. Expression in the neuronal precursors begins 60 h later, following input from the eye. In the absence of innervation, both classes of precursors express the gene and remain on the brain's surface, indicating that axonal cues are necessary for the organization of the lamina's multiple cell layers. We have named this locus lamina ancestor, or lama.
lama encodes a novel ORF of 624 amino acids. We generated a null mutation in lama, and found that it does not appear to disrupt the development of the visual system. Widespread, ectopic expression of lama is similarly innocuous. Nevertheless, we believe that lama may function in visual system development for the following reason. Despite the 60 million years of divergence between D. melanogaster and D. virilis (Beverly and Wilson, 1984) , the lama protein is 74% identical between these two fly species. This is significantly higher than the conservation of other genes with important developmental functions (see Heberlein and Rubin, 1990; Michael et al., 1990) . Furthermore, lama is expressed in some of the same cell types in D. virilis as it is in D. melanogaster. Our data are not inconsistent with lama playing a role in either the specification of a 'lamina' identity or in the response of lamina precursors to retinal input.
Results

Identification of a gene expressed in the lamina precursors
We identified enhancer trap lines which show flgalactosidase reporter expression in the lamina precursors, and three of these lines contain P element insertions at the cytological location 64C11. The lamina develops progressively, such that its oldest cells are found at its posterior border (Meinertzhagen, 1973) . At this stage, the newest retinal axons, and the most recently incorporated neurons and glia, are found at the lamina's anterior edge (White and Kankel, 1978; Selleck and Steller, 1991; Perez and Steller, 1996) . Reporter expression is seen in the lamina neuronal precursors, which are found at the anterior border of the tissue (Fig. 1A-C) . The neuronal precursors are indicated by a solid triangle in Fig. 1A , in which reporter expression is shown via an X-gal stain. In Fig. 1B , reporter expression is detected via anti-flgalactosidase (red), and retinal axons are detected with a general neuronal marker, anti-horseradish peroxidase (HRP) (green) (Jan and Jan, 1982) . Reporter expression overlaps with the final divisions of the neuronal precursors (solid triangle, Fig. 1C ). In Fig. 1C , cell proliferation is detected via a BrdU pulse (green), and reporter expression is detected via anti-fl-galactosidase (red).
Strong expression of the fl-galactosidase reporter is also seen in the lamina glial precursors. In Fig. 1D , reporter expression is detected via an X-gal stain, and the glial precursor zones are indicated with arrows. In Fig.  1E , the reporter is detected via anti-fl-galactosidase (red), and the lamina glia are detected with a glial antibody, anti-RK2-5' (green) (Campbell et al., 1994) .
At this stage, the fl-galactosidase reporter is not detected in cells within the body of the lamina. Thus, it appears that the corresponding gene is down-regulated upon incorporation of the precursors into the developing ganglion. Expression of the fl-galactosidase reporter corresponds to the expression of a novel gene (see below). Because the gene is expressed by both the lamina's neuronal and glial precursors, we have named this locus lamina ancestor, or lama.
lama expression is independent of retinal innervation
We investigated whether lama expression in the lamina progenitors precedes input from the eye. If lama is involved in the brain's response to axon ingrowth, its expression should be independent of retinal innervation, which begins at approximately 94 h after egg laying (AEL).
In first instar larvae, at approximately 24-26 h AEL ( Fig. 2A) , the strongest lama expression is seen in two symmetrical zones on the surface of each brain hemisphere. The zones are located in the ventral-posterior region of the hemispheres, in a location that is consistent with expression in the optic lobe anlage (Hofbauer and Campos-Ortega, 1990 ). Expression of lama continues throughout larval life, and the symmetrical zones show a substantial increase in size between the second and third Fig. 1 . Late third instar expression of a lamina precursor marker. In each panel, anterior is to the top of the page, and the position of the lamina (la) is indicated. (A) Expression of the fl-galactosidase reporter, detected via an X-gal stain, is seen in the lamina's neuronal precursors (triangle). (B) The neuronal precursors (triangle) are found anterior to afferent input from the retina. Reporter expression is detected via anti-fl-galactosidase (red), and retinal axons are detected with a general axonal marker, anti-HRP, in green. (C) Reporter expression overlaps with the final divisions of the neuronal precursors (triangle). The reporter is detected via anti-fl-galactosidase (red), and areas of cell proliferation are shown with anti-BrdU (green). (D) Expression of the fl-galactosidase reporter, detected via an X-gal stain, is seen in the lamina's glial precursors. The glial precursor zones are located at the posterior border of the lamina, at its dorsal and ventral edges (arrows). (E) The glial precursor zones (arrows) flank the lamina glia. The reporter is detected via anti-fl-galactosidase (red), and the lamina glia are detected with a glial specific antibody, anti-RK2 (green). Scale bars: (A,D) 8.3/tm; (B) 4/zm; (C) 5.8/zm; (E) 7.5/zm. instar stages ( Fig. 2B-D ; approximately 50, 90 and 94 h AEL). These zones appear to lie on the brain's surface at the base of the eye stalk, and are likely to correspond to the glial precursor zones found at the dorsal and ventral posterior corners of the lamina in late third instar animals (Perez and Steller, 1996) (see also Fig. 1B) . Expression is seen in the eye disc of early third instar larvae (Fig. 2C) , and within the photoreceptors at the onset of retinal innervation of the brain (Fig. 2E,F ; approximately 94 and 102 h AEL). Transient expression is also seen in Lglia within the lamina (Fig. 2D,F) . In well innervated brains, lama is expressed in neither photoreceptors nor L-glia within the lamina (Fig. 1E and data not shown).
As innervation proceeds, fewer cells within the glial precursor zones express lama (compare Fig. 1D to Fig.  2D,F) . The decrease in the size of the glial precursor zones correlates with glial migration into the body of the lamina (Perez and Steller, 1996) . This expression pattern is consistent with an early, and sustained, expression of lama in the L-glial progenitors, and with the downregulation of lama once an immature glial cell begins its migration into the lamina.
Expression of lama in the neuronal precursors begins in third instar life, and appears to coincide with retinal innervation of the brain. Following retinal input, at approximately 94 h AEL, expression is restricted to rows of cells which lie perpendicular to the anterior border of the lamina (Fig. 2D,E) . Expression overlaps with a population of dividing cells (Fig. 2D) , which are likely to correspond to the lamina neuronal precursors. In Fig. 2D , lama expression is detected via an X-gal stain (blue), and cell proliferation is detected via BrdU (brown).
As is the case in well innervated brains, lama is expressed in neuronal precursors that are adjacent to retinal axons (Fig. 2E) . In Fig. 2E , lama is detected via anti-flgalactosidase (green) and retinal axons are detected via a photoreceptor-specific antibody, MAb24B10 (red) (Zipursky et al., 1984) . In slightly older animals, expression is seen in clusters of neuronal precursors anterior to the lamina ( Fig. 2F ; approximately 102 h AEL). By late third instar larval (3IL), the brain is well innervated, and cells expressing the reporter at the lamina's anterior are arranged into two rows which surround a furrow at the lamina's anterior border (see Fig. 1A ,B).
In order to determine whether lama expression in the neuronal precursors is induced by retinal input, we examined the gene's expression pattern in sine oculis 1 (Milani, 1941) and eyes absent I (Sved, 1986) mutant backgrounds. Each mutation disrupts retinal development, and severely reduces @ol), or eliminates (eyal), innervation of the brain. The so I mutation has been demonstrated to act autonomously in the eye (Fischbach and Technau, 1984) . Consequently, any variation in reporter expression within the optic lobe, between wild type and so I animals, may be attributed to the lack of input from the eye. In the experiments described below, lama expression in late 3IL so 1 brains is detected via an X-gal stain (n = 84). Similar experiments were done in which the reporter was detected with anti-fl-galactosidase, and in these cases the extent of retinal innervation of the brain was determined with the general neuronal marker, anti-HRP (Jan and Jan, 1982) (n = 53; data not shown). In partially innervated, or noninnervated, so 1 animals, the glial precursor zones, indicated by arrows in Fig. 3A , are consistently larger than they are in similarly aged wild type brains (compare with Fig. 1D ). Expression resembles that seen in a newly innervated brain (Fig. 2D,F) , in that the glial precursor zones are larger than they are in a well innervated brain. Expression is also seen in the neuronal precursors, which are found in clusters on the brain's surface and lack the organization that is found in well innervated brains (arrowhead, Fig. 3A , and compare with Fig. 1C ).
In the absence of input from the eye, lama expression is weaker, and more variable, in the neuronal precursors than it is in the glial precursors. In 85% of the noninnervated, so I brain hemispheres, the distribution of neuronal precursors, as assayed by lama expression, appears to be extended along the anterior/posterior axis relative to their distribution in wild type brains (compare Fig. 3A with Fig. 1C ).
The expression of lama in eya animals resembles the expression seen in so 1 animals (Fig. 3B) . In both mutants, the precursors remain on the brain's surface, and lama expression is not down-regulated as it is in wild type animals. Thus, the onset of lama expression in both the Lglia and L-neuron precursors is independent of retinal input, but its modulation requires retinal cues. Based on its expression pattern, lama was viewed as a good candidate for a gene involved in either the specification of to the P element insertions that were likely to be transcribed (see Section 4), and used the corresponding genomic clones to screen cDNA libraries. Two classes of cDNAs were isolated, and the longest clones were chosen for analysis. Each cDNA detects a single transcript upon Northern blot analysis. The expression pattern of each transcript was determined by using each cDNA as a probe for whole mount in situ hybridizations (see below). Only one of the transcripts is expressed in the developing adult visual system. The expression of the lama cDNA matches the P element reporter expression at all stages examined (data not shown). The P elements are inserted 5' to lama (Fig. 4) . The 5' end of the 3.25 kb cDNA lies 398 bp from the nearest P insertion, PZA8. Northern blot analysis indicated that the cDNA detects a single, 3.5 kb transcript in 3IL, and that a probe covering l a m a ' s first exon detects a single transcript of the same size in the embryo (data not shown). There is a consensus T A T A box within the genomic clone located 83 bp 5' to the start of the cDNA. Because T A T A boxes are generally found 20-30 bp 5' to transcription start sites (reviewed in Breathnach and Chambon, 1981) , we believe that the cDNA is missing approximately 50 bp at its 5' end. The lama ORF (Fig. 4 , solid rectangle) is contained in the last two of l a m a ' s five exons.
Sequence of the other cDNA identified it as a member of the kinesin family, KLP64D (Stewart et al., 1991) . Expression of KLP64D is seen in both the embryonic peripheral nervous system (PNS) and central nervous system (CNS), but is not seen in the developing 3IL visual system (Perez and Steller, unpublished) . Therefore, we believe that the 64C11 P element reporter expression corresponds only to expression of the lama cDNA. 
M o l e c u l a r c h a r a c t e r i z a t i o n o f the lama region
We were interested in cloning the gene expressed in the same pattern that is shown by the 6 4 C l l flgalactosidase reporters. Genomic DNA adjacent to the P element insertions was isolated as described in Section 4. The PZA8, PZA5, and P1ArbL733 insertions were mapped and found to be inserted within approximately 1 kb of each other (Fig. 4) . We identified areas adjacent
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Developmental expression of lama
We examined the distribution of lama mRNA using whole mount in situ hybridization. At every stage examined, lama mRNA is expressed in the same cell types as the lacZ reporters inserted at 64Cll. During embryogenesis, lama is seen at 3 h AEL in the region of the invaginating cephalic furrow (Hartenstein and CamposOrtega, 1985) , and in a single stripe at the posterior of the embryo (Fig. 5A) . Between 5-7 h AEL, expression is seen in the developing brain (arrowhead), and in a segmentally repeated fashion within the ventral nerve cord (Fig. 5B) . The ventral nerve cord expression is found to either side of the midline (arrow, Fig. 5C ). In older embryos, lama is most strongly expressed in the brain hemispheres (arrowhead) and in the gonadal primordium (arrow, Fig. 5D ).
Post-embryonically, lama expression is seen most strongly in the lamina neuronal and glial precursors ( Fig.  6A , and see Figs. 1 and 2). In adult animals, expression is seen in the ovarian follicle cells (Fig. 6B ). Expression was examined in additional tissues via X-gal staining, and we found that lama is also expressed in testicular pigment cells, and in the subretinal glial cells of the adult head (data not shown).
Sequence analysis of lama
The longest ORF within the lama cDNA encodes a protein of 624 amino acids with a predicted molecular weight of 69 kDa (Fig. 7) . The ORF agrees well with Drosophila codon usage. There are two in frame methionines (bp 991 and 1216), which agree equally well with the consensus start sequence for Drosophila (Cavener, 1987) . At each methionine, five of the seven bases match the C/A-A-A-A/C-A-T-G consensus. There are multiple stop codons in all three reading frames 5' to the presumptive initiator methionine (bp 991) and 3' to the stop codon (bp 2865). Intron-exon boundaries are indicated in bold. All of the analyzed splice donor and acceptor sites correspond to the consensus sequences (Mount, 1982) . A poly-adenylation consensus site (Birnsteil et al., 1985) (bold and underlined) is found 355 bp 3' to the stop codon. A Chou-Fasman prediction of secondary structure (Chou and Fasman, 1978) indicates that the ORF is not likely to encode either significant stretches of a-helices or r-sheets. The protein is mainly hydrophilic, and has a predicted isoelectric point of 5.4.
The are three consensus N-linked glycosylation sites, which are indicated with open circles, and eight potential targets for phosphorylation by cAMP kinase (underlined) (Creighton, 1984) . Within the ORF, five base pair differences were found between the genomic clone and the cDNA. All but one of the changes were silent. The genomic clone codes for a lysine instead of a methionine at residue 474. TAGC CG TTGATATTTTCAATACGC CGCATAGCAACAATAAC CAT  61 ATCAAACATTTCGATAATCTGATGTGACACAAGTTTTTGCATCGAAATAGC CGTGTGTGT  121  GTGTGTGTGTGTTTGGTTCC CATTCGC C GCCAATCAAACCAATCGCA~'gGAGAGTGTAAT  181  CC GGGAAAAGTTATCACACACC TAAAC C TGCGCC TTTTCAATGTAGC CC TTCATGGATAA  241  TTAACACGTGAGCGTTGTGTGACTATATAGCAAAATCGTAGTTAAAATCGTGTTC GC AG T  301  GGCTGAATTTAGTAC-CATTCCAACGAATAGTGTCATCTCGAACC CAGACAC CC CC C C CAC  361  CCCCTGCGAATTTC TC TTATTTGTCGGCGC GGAATTTGCC TGAGTCACCAG C CAG TTTCA  421  ATTTTCCGTTCTTAAATGGGTTGACTTG TGATAGTTAC TGCTTC C TGGAC CCGGGAAAAA  481  AAAGGGATACAAATTGAAACC TCAAAAGACATAGC CAAGCTGCAATAAAACCATC GC CAA  541  ACCAC CGC CGC CAATTTAAAGTCAATAGTTAGCACGAATATAAC CAC CTGGAAAC CGTTG  601  GAATCTCTGCTTGAAAGCAGCGCACC AC CCATGAAC CAATCGGC CAAGGCGC TCAAC AGC  661  GTGGCCACCGAGATCAGCACCTCCTGCTCCTCCAGCACCTACACCAACCATCCACAGAAC  721  CACCTGCACACTGGCCACCTGATTGCCCACCGTCTTGGACACTCCTACGCCGCTCGTGCC  781  GCATCACAATTATCTGGGATAAGTTC TGCAATTGGAATC TGAC TGG TGAAACACGTTTC T  841  CGAGAGGATTTTCCATTTTTGC ATCGTAGCAGCTTCACGAC G CCGGCACATGTAAA GTC  901  GTTGGTGCATCGTGGCAAAAAACGCGGATAGGGAC C TACATC C TAATCGGTGC TGGTCTC  961 TTGGTCATCGGAGC CTTC TTCATTGGATATATGGAGAGGC CGGAGTACGATGG CACC TAC *  624  2881  TTTCTTCTTTTAACCCGTAGAACCCAATCGAATTTGTACCCAAAACCCACCTCCATCCAT  2941  TTTGAAAAC TGGAAAGCAATAATTGTC C TAGATTTGGTAATTAGTGTCC TGTCTTGTC TC  3001  GTATAATTTGTGTG TTCCTAGTTGGTACATATCTTACGTC CATAGTCTTCTAGTGTC TAC  3061  TGTAC TTATGTATG TATGC GTGTCCAATCGATTATTGTC TTC CAGC TGTACAGCTTTTTA  3121  T~C  CGTAGGTCTTTTG TAAATTAGCAAC GAAATTGGAAATATATTTTTTAGCAACAAA  3181  TTTTTGTACTTTAG TAAC TATTAAC 
Genetic analysis of 64Cll
We were interested in examining the effects of a lama mutation on the development of the visual system, and therefore examined the gene's expression in animals homozygous for the P element insertions in 64C11 (data not shown). Because the insertions do not disrupt lama expression, we carried out a P element excision mutagenesis (n= 600). We identified one lethal complementation group in the region which appears to correspond to mutations in KLP64D (Perez and Steller, unpublished observations) . Whole mount in situ hybridization was used to determine whether KLP64D alleles affect the expression of lama. The lethal excisions do not affect the expression of lama, nor do small deletions confined to the intragenic region (data not shown).
Five lama mutations were identified by molecularly screening excision chromosomes, as described in Section 4. Animals homozygous for all of the alleles, including the null allele, lama 410, are viable and fertile (Fig. 9) . Four of the five mutations break in lama's first exon, or within its first intron. We examined the effects of two of these small deletions (lama 607, lama 615)) on lama expression by whole mount in situ hybridization. In these mutants, lama mRNA is correctly distributed in the third instar brain and in the embryo (data not shown). Qualitatively, the levels of lama appear a bit lower. This suggests that both a cryptic transcription start site, and many of the gene's regulatory sequences, lie within its introns. The lama 410 excision allele is a large, 14 kb deletion, which completely eliminates lama's expression.
Phenotypic analysis of lama
We investigated whether animals homozygous for the lama null mutation, lama 410, show developmental abnormalities within the visual system. Proliferation in the third instar brain was detected with an in vitro pulse of BrdU. Retinal innervation was analyzed using a photoreceptor-specific antibody, MAb24B10 (Zipursky, et al., 1986) . The neuronal and glial cell body layers were visualized with antibodies to neuronal and glial cell typespecific markers. The nuclear neuronal antigen, ELAV (Rabinow et al., 1988) was detected by the MAb44C11 antibody (Bier et al., 1988) . The nuclear glial antigen, RK2, was detected by the RK2-5' antisera (Campbell, et al., 1994) . In the absence of lama function, the lamina appears to develop normally with respect to cell proliferation (n = 19; Fig. 10A,B) , retinal innervation of the brain (n = 19; Fig. 10C,D) , and the development of neuronal (n = 4; Fig. 10E,F) and glial (n = 20; Fig. 10G,H Fig. 9 . Deletion mutations generated by imprecise excision of P elements at 64C11. The genomic map of the 64C11 region is shown, and the P element insertions are represented by filled triangles. KLP64D and lama are represented as rectangles, coding sequences are indicated by filled rectangles, and the direction of transcription is indicated by arrows. Deletion mutations are drawn as filled bars underneath the map. Five mutations in lama were generated by imprecise excision of PZA8. All lama mutations are viable and fertile. Deletions into lama's first exon are insufficient to disrupt transcript expression, lama 410 is a null allele which completely deletes the transcript. Seven mutations in KLP64D were generated, and the P element insertion used to generate each allele is indicated by its name. KLP64D mutations are lethal and do not affect lama's expression. Deletions which retain part of the P elements are indicated with hatched rectangles. R, Ecorl; C, Clal; Sp, Spel; H, HindllI; S, Sacl; Hp, Hpal; E, Eagl; P, Pstl; B, Bamhl. The structures of the adult lamina and retina were also examined in lama 41° mutants. An analysis of frozen sections indicated that the ganglia are correctly organized and correctly express the neuronal marker, ELAV (n = 10; data not shown). Higher resolution was obtained by examining the structure of the visual system in plastic sections (Fig. 11A,B) . No obvious structural abnormalities were observed in the mutants (n = 6).
We investigated whether disrupting the spatial organization of lama's expression perturbs lamina development. The lama cDNA was placed under control of the hsp-70 promoter. Ectopic expression of lama during larval life is not lethal, and does not appear to affect the development of the lamina. Following multiple heat pulses, the brains of animals carrying the hs-lama transgene were analyzed for cell proliferation (n =7), axon placement (n = 18), neuronal development (n = 24), and glial development (n = 11). As in the null mutant, all of these processes appear to occur normally.
It is possible that lama mutations cause a subtle, as yet undetected, developmental disruption. Although lama mutants behave normally in a crude assay for visual behavior (Perez and Steller, unpublished observations) , it is possible that a more sophisticated analysis of visual behavior would indicate aberrant vision in the mutants. Alternatively, lama may be a member of a family of pro- Fig. 11 . Analysis of the retina and lamina structure in lama adults. Anterior is to the left. Semithin plastic sections of (A) ry 506 and (B) lama 410 are stained with methylene/toluidine blue. The lamina cortex (arrowhead) and neuropil (arrow) are indicated in each section. Scale bars: 14/~m. teins which perform the same functions. Low stringency Southern analysis has indicated that the lama ORF detects related sequences in D. melanogaster (data not shown), which is not inconsistent with lama encoding a redundant function.
Isolation and characterization o f a D. virilis lama homologue
lama mutants show no obvious phenotype, and the sequence of lama indicates that it encodes a pioneer protein.
In order to (1) determine whether lama is likely to encode an important function and (2) (Heberlein and Rubin, 1990; Yao and White, 1991) .
A portion of the lama ORF (residues 56-542) was used to screen a genomic D. virilis library. One clone was obtained, and the homology was localized to a 6.6 kb R1 fragment. Partial sequence was obtained from the D. virilis clone. The D. virilis lama protein is 74% identical to the D. melanogaster protein over its entire length (Fig.  12 ). This level of conservation is about average for genes which are essential for visual system development (Heberlein and Rubin, 1990; Michael et al., !990; Neufeld et al., 1990; Hart et al., 1993) . lama is more conserved than either rough or sevenless, but not as well conserved as bride-of-sevenless or seven-in-absentia.
There are two gaps within the region of overlap. The homology between the clones is disrupted at the 5' end of the D. virilis clone by a consensus splice acceptor site (Mount, 1982) . The splice site lies between the two, in frame methionines (italics) found in the D. melanogaster clone. The second methionine is not conserved in the D. virilis clone, which codes for an isoleucine at that position (asterisk). Partial sequence of the D. virilis motif 1 (residues 54-82 within the D. melanogaster clone) indicates that it is 89% identical to the corresponding region in the D. melanogaster protein. Motif 2 appears to be 72% identical between the proteins. Both motifs are underlined in Fig. 12 .
The expression of D. virilis lama was examined in D. virilis larval brains via whole mount in situ hybridization. The clone appears to be expressed in the D. virilis brain (Fig. 13B) precursors is coincident with input from the eye. Once the precursors have been incorporated into the developing ganglion, lama is down-regulated. The timing of lama's expression in the precursors is consistent with a role for the gene in the communication between the ingrowing axons and their target field. Alternatively, the gene may be involved in specification of a 'lamina' identity.
In animals homozygous for a null mutation in lama, the visual system appears to develop normally. Furthermore, ectopic expression of the gene fails to cause any obvious developmental abnormalities. In light of the phenotypic data, it is possible that lama has no function in visual system development. Our analysis of lama's expression has been limited to examining transcript distribution, and it is possible that the lama protein is expressed in only a subset of cells which express the transcript. We favor an alternative interpretation. Despite the phenotypic data, the gene may indeed play a role in optic lobe development, lama encodes a novel protein, which is 74% identical to its D. virilis homologue. Furthermore, both genes are expressed in the precursors of the first optic ganglion. This cross-species conservation indicates that the locus is under selective pressure, and implies that lama's function is important to the organism. A number of loci essential for normal development are not as well conserved (see O'Neil and Belote, 1992; Curtis et al., 1995) . One explanation for the lack of an observed phenotype is that we have not examined the mutants at a high enough level of resolution to detect abnormalities, lama may be required for some subtle aspect of visual system development. On the other hand, lama may encode a protein with a redundant function. Two motifs within the lama protein appear to be conserved in several C. elegans genes, suggesting that lama may be a member of a gene family.
Several examples of partial, or complete, genetic redundancy have been described in the literature (reviewed in Thomas, 1993) . In Drosophila, both neural specification and neurogenesis appear to be controlled by genes with overlapping functions. Within the CNS, distinct sets of neuroblasts are specified by different proneural genes (Jimenez and Campos-Ortega, 1990; Jimenez et al., 1995) . In animals lacking two proneural loci, AS-C and vnd, 50% of the CNS neuroblasts develop normally. One of the neurogenic loci, Enhancer of Split, contains multiple transcripts encoding related transcription factors (Knust et al., 1992; reviewed in Knust, 1994) . While none of the individual genes are mutable to lethality, all of them are conserved in a distantly related fly species, D. hydei (Maier et al., 1993) .
A function for lama may be identified by isolating mutations in a closely related gene, and examining the double mutants. The lama ORF detects additional sequences on genomic Southerns probed at low stringency (Perez and Steller, unpublished observations) . If other lama family members are identified, mutations in these loci may be isolated by molecularly screening for P element insertions within these genes (Dalby, et al., 1995) .
Alternatively, the effects of a null mutation in lama may be examined in a sensitized genetic background. The phenotype of another non-essential Drosophila locus, zeste, is evident in conjunction with certain alleles of the Ultrabithorax (Ubx) locus (Kaufman et al., 1973; Goldberg et al., 1989) . The product of the zeste locus is required for some aspects of Ubx transcription (Laney and Biggin, 1992) . A number of genes are expressed in a pattern that overlaps lama's expression, and would be potential candidates for a double mutant analysis (e.g. see Gonzalez, et al., 1989; Nguyen, et al., 1994; Finelli, et al., 1995) .
In the absence of a described function for lama, its expression pattern may be used as the basis of a genetic screen, lama is expressed in the lamina precursors without cues from the eye, and is down-regulated upon retinal innervation. Mutations which disrupt the early development of the neuronal or glial precursors, or which interrupt retinal signaling to either class of precursors, could be detected.
Within the embryo, several neuroblasts and their descendants express lineage-specific markers (e.g. see Doe et al., 1988; Patel et al., 1989) . lama is unique in two respects. The gene marks the progenitors of specific ganglion, rather than cells of a particular lineage. Furthermore, lama marks a distinct developmental stage, lama is expressed by the lamina precursors as they are waiting to receive cues from ingrowing retinal axons.
Experimental procedures
Stocks and genetics
A P element enhancer trap screen Bier et al., 1989) was carried out in our laboratory, and in the 1990 M.I.T. project laboratory. A description of the screen has been previously reported (Winberg et al., 1992) . ry s°6 is the parental strain of our P element lines, and the PZ enhancer trap construct was used (Mlodzik and Hiromi, 1992) . We screened for lines which showed reporter expression in the developing optic lobes. Two viable insertions, PZA5 and PZA8, were identified. An additional insertion, P1ArbL733, was the gift of R. Davis. Each insertion shows an identical expression pattern in the lamina precursors. To determine whether reporter expression requires retinal input, the reporters were crossed into two mutant backgrounds, eyes absent I (eya 1) (Sved, 1986) and sine oculis I (so 1) (Milani, 1941) . Additionally, reporter expression was examined in embryos, and in young larvae, prior to innervation of the brain.
The developmental stages and structures of the embryo were determined by a comparison to Hartenstein and Campos-Ortega (1985) . Larvae were staged from egg deposition, and ages are given as hours AEL.
A P element excision mutagenesis was carried out by crossing the reporter lines to a source of the P transposase. In one P element excision scheme, we crossed the P element reporter to the A2.3 chromosome (Laski et al., 1986; Robertson et al., 1988) . Males of the A2.3/PZA8 genotype were collected and crossed to mwh, red, e/ TM3~Sbry RK. Progeny were scored for loss of the ry + marker, and ry-animals were crossed to CxD/TM3Sb animals to establish excision lines. In an alternative screen, we used a source of transposase on the X chromosome, Hop6yw, provided by W. Gelbart. The P element reporter was excised across from a chromosome bearing a deficiency for the region, Df(3L) ems-13 (gift of J. Fristrom), which uncovers 64B-E. Males of the genotype Hop6yw; PZA8/Df ems-13 were crossed to mwh, red, e/TM3Sbry RK females. Excision lines were established as described above.
In situ hybridization to polytene chromosomes
P element insertions were mapped via in situ hybridization to polytene chromosomes, using a modification of the technique described by Pardue (1994) . pBluescript (Stratagene) was used to detect the lacZ sequences within each P element vector. An additional insertion in the region, 3-0403, was mapped by the Berkeley Drosophila Genome Project.
Isolation of genomic clones surrounding the P element insertions
Standard molecular biological protocols were used (Sambrook et al., 1989) . Genomic DNA surrounding the site of the insertions was obtained by plasmid rescue (Steller and Pirotta, 1986 ) from the P1ArbL733 line. The structure of P1Arb has been previously described . We recovered 4.5 kb of flanking DNA. The rescued plasmid was used to screen a library of Canton S genomic DNA in the lambda dash II vector (gift of R. Davis). Thirty kb in overlapping phage were isolated. The rescued plasmid hybridized to a 5.5 kb R1H3 genomic fragment, which was subcloned into pBluescript II KS+ (Stratagene) to generate pB 11-5.5. The PZA5 and PZA8 insertions were mapped within the walk to the same 5.5 kb fragment by a combination of Southern analysis and polymerase chain reaction (PCR). The cytological "location of the genomic DNA was verified by using one of the lambda clones as a probe against a Canton S polytene squash (see above).
To identify putative transcription units adjacent to the P element insertions, regions of the walk were used to probe Drosophila virilis Southerns. Because D. melanogaster and D. virilis are diverged by 60 million years (Beverly and Wilson, 1984) , sequences conserved between the two fly species are likely to be within transcription units. Genomic DNA was prepared from D. virilis flies as described previously (Steller and Pirotta, 1986) . Southern analysis was performed at low stringency (42°C; 25% formamide). In addition to the 5.5 kb insertion fragment, two fragments (a 4.0 kb R1H3 fragment and a 6.6 kb R1 fragment) cross-hybridized to D. virilis, and were subcloned into pBluescript, to generate pBll-4.0 and pB14-6.6.
Isolation and characterization of cDNAs
A 3IL CNS cDNA library, generated by C. Wilson , was screened with the 4.0 kb R1H3 insertion in pB 11-4.0. A size-selected, 9-11 h embryonic cDNA library was provided by K. Zinn (Zinn et al., 1988) , and was screened with the 5.5 kb R1H3 insertion in pB11-5.5. Two distinct classes of cDNAs were isolated, and the longest clone of each class was chosen for further analysis, cDNAs were subcloned from the lambda vectors into pBluescript. A 1.1 kb Spel fragment, representing part of the 2.7 kb 3IL cDNA, was subcloned into pBluescript to generate pB5sl-l.1. A 3.25 kb R1 fragment, representing the entire embryonic cDNA, was subcloned into pBluescript to generate pBe2.
DNA sequencing and analysis
All sequencing was done using Sequenase (United States Biochemical). The pB5sl-l.1 and pBe2 clones were sequenced using a combination of restriction deletions and primer walking. Partial sequence obtained from the pB5sl-l.1 insertion indicated that it corresponded to a previously published kinesin homologue, KLP64D (Stewart et al., 1991) . Both strands of the pBe2 insertion were sequenced. Within the corresponding genomic clones (pBll-5.5, and pB14-6.6), both strands of the coding sequence, six of the eight intron-exon boundaries, and substantial portions of the 5' and Y UTRs were also sequenced. This locus encodes a novel protein, lama. Sequence analysis was performed using the Genetics Computer Group program.
Northern analysis
Each of the cDNAs was used to probe Northern blots of total RNA isolated from 3IL CNS tissue using a modification of a previously described protocol (Chirgwin et al., 1979) . Total RNA from approximately 20 dissections was loaded in each lane. Genomic DNA covering lama's 5' exon was also used to screen a Northern blot of embryonic RNA (6/zg, poly-A selected).
In situ hybridization to whole mount tissue
The expression patterns of the transcripts were determined by whole mount in situ hybridization (Tautz and Pfeifle, 1989) . Two digoxigenin (Boehringer Mannheim)-labeled probes were made from pB5sl-l.1. A riboprobe, and a random primed DNA probe, were synthesized using protocols from the manufacturer. 3IL CNS expression of KLP64D was determined as previously described, using the random primed digoxigenin probe (Tautz and Pfeifle, 1989) . The riboprobe was subjected to base-hydrolysis, and used to determine the KLP64D embryonic pattern (Perez and Steller, unpublished observations) . The hybridization conditions have been previously described (Grether et al., 1995) . To determine the expression pattern of the lama cDNA, a digoxigenin-labeled riboprobe was made from the pBe2 cDNA. lama's expression pattern in embryos was determined as described above, lama's expression pattern in the 3IL CNS was determined using a modification of a previously described protocol (Zak and Shilo, 1992) . Following hybridization of the probe and subsequent washes, the tissue was incubated in antidigoxigenin antibody (Boeringer Mannheim) at 1:4000 in phosphate-buffered saline (PBS) + 0.1% Tween for 1 h at room temperature. The anti-digoxigenin antibody was coupled to an alkaline phosphate moiety, and had been preabsorbed at 1:100 against fixed embryos, lama's expression pattern in the ovaries was determined as previously described (Ephrussi et al., 1991) .
PCR screen for lama mutations
To identify lama mutations following a P element excision mutagenesis, genomic DNA prepared from the excision lines (Steller and Pirotta, 1986) was screened via PCR (Saiki, 1990) . Five combinations of PCR primers were used to amplify products from the genomic DNA templates. The first base pair of the cDNA is designated as +1 (Fig. 7) . The primers amplified the following sequences: -900 to +70, -900 to +380, -100 to +70, +20 to +350, +100 to +350, +210 to +350, and +1780 to +1885. All potential excision mutations were verified by Southern analysis.
Ectopic expression analysis
The 3.25 kb lama cDNA was cloned into the R1 sites within the pCaSper-hsp70 construct (Grether et al., 1995) , to generate P [hs-lama; w÷] . The orientation of insertion was determined by restriction analysis and sequencing. Germline transformation was performed as previously described (Grether et al., 1995) . A total of 1800 yw embryos were injected, and one transformant was obtained. To verify that the construct provides ectopic lama expression upon heat shock, wild type 3IL, and 3IL carrying a single copy of the transgene, were subjected to a 1 h heat pulse of 39°C. The brains were dissected and analyzed by whole mount in situ, as described above. For the developmental analysis, 12 h collections of wild type embryos, and collections of embryos carrying 1-2 copies of the transgene, were taken and aged to first instar. The animals were reared at room temperature, and subjected to a 1 h, 37°C heat pulse, once a day until late 3IL. Repetitive 37°C heat pulses were used instead of 39°C heat pulses, because neither the wild type nor transformed collections survived multiple 39°C exposures. The brains were dissected from late 3IL following the heat shock regime, and analyzed for developmental abnormalities with respect to cell proliferation, retinal innervation of the target field, and neuronal and glial development as described below.
Immunohistochemistry
All antibody staining was carried out as previously described (Winberg et al., 1992) . For X-gal staining, the larval CNS was dissected in 0.1 M NaPO4 (pH 7.2), and fixed for 1 min in 0.5% glutaraldehyde in 0.1 M NaPO4 (pH 7.2). The CNS was then incubated at 37°C for 1-8 h in X-gal (Bachem) stain solution as previously described (see Bier et al., 1989) . The tissue was rinsed in PBS + 0.3% Triton (PBT), and mounted in 70% glycerol for viewing. For X-gal/BrdU double labeling, the brains were pulse labeled in vitro with BrdU. The animals were dissected in Grace's media (Gibco BRL) containing BrdU (Boehringer Mannheim) at a final concentration of 30/~g/ ml. Labeling was allowed to continue for 30 min at room temperature, and the brains were then fixed for 30 min in 2% paraformaldehyde (Polysciences, Inc.) in 0.1 M phosphate buffer (pH 7.2-7.4). The brains were rinsed in PBT and stained with X-gal. Following X-gal detection, the tissue was processed for BrdU detection by incubating it in 2 N HC1 in PBT for 20 min at room temperature, which exposes the BrdU epitope. Larvae were dissected in 0.1 M phosphate buffer (pH 7.2-7.4) and the brain hemispheres were fixed for 30 min in 2% paraformaldehyde at room temperature. Adult heads were mounted in OCT (Tissue Tek), and 10-12/tm frozen sections were cut on a Frigocut cryostat. Sections were post-fixed for30 min in 2% paraformaldehyde. Following immunohistochemistry, sections were counterstained with bisbenzimide to detect nuclei (Ashburner, 1989) . For staining with Mab44Cll (Bier et al., 1988) , the tissue was treated with collagenase (0.3 U//zl) (Sigma) for 20 min at room temperature prior to fixation, to allow access of the antibody. A 100x collagenase stock (in 50% glycerol, 40 mM NaPO4 buffer, pH 7.4) was diluted in 0.1 M NaPO4 (pH 7.2) prior to use. The following antibodies were used at a dilution of 1:100-1:200: mouse anti-BrdU (Becton Dickinson), rabbit anti-fl-galactosidase (Cappel), goat anti-mouse-HRP (BioRad), goat anti-rabbit-FITC (Cappel), goat anti-ratCy3 (Jackson Immuno) and anti-RK2-5' (Campbell et al., 1994) . Mab24B 10 (Zipursky et. al, 1986 ) and MAb44C11 (Bier et. al., 1988 ) was used at 1:5. The anti-RK2-5' antibody was the gift of A. Tomlinson. Mab24B10 was a gift from S. Benzer, and MAb44C11 was a gift from Y.N. and L. Jan. Samples were viewed on a Zeiss Axiophot. Im-munofluorescence was visualized with a BioRad confocal microscope using software provided by the manufacturer.
Histology
Adult heads from 7-10 day old ry 5°6 and lama 41° animals were embedded in Spurr's medium (Spurr, 1969) . Semithin (1/zm) sections were taken through the middle third of each sample. Sections were stained for 2 min at 50°C in 0.05% toluidine/0.01% methylene blue in 0.05% sodium borate, rinsed in distilled H20, and dried. Sections were mounted under DPX (Fluka), and viewed on a Zeiss Axiophot.
Isolation and characterization of a D. virilis homologue
A D. virilis genomic library in the lambda EMBL3 vector was provided by J. Tamkun. The library was plated and screened at low stringency (42°C; 20% formamide) using standard protocols. A 1.18 kb ApaHinclI fragment from pBe2 (corresponding to residues 56-542 in the ORF) was used as a probe. One phage was isolated, and the region of homology was delineated. The sequence of the D. virilis homologue and its expression pattern were determined as described above.
